Northeastern Atlantic minke whales (Balaenoptera acutorostrata) have a multichambered stomach system which includes a nonglandular forestomach resembling that of ruminants. Bacteria from the forestomachs of herring-eating whales were enumerated and isolated in an anaerobic rumen-like culture medium (M8W medium (25.0%7) were most common of the bacterial strains (n = 72) isolated from the homogenized herring. Most of the bacterial strains were gram positive (80.6%), and 70.8% were cocci. Unlike the forestomach bacterial population, as many as 61.1% of the strains from the herring were facultatively anaerobic. All bacterial strains isolated from the prey had phenotypic patterns different from those of strains isolated from the dominant bacterial population in the forestomach, indicating that the forestomach microbiota is indigenous. Scanning electron microscopic examinations revealed large numbers of bacteria, surrounded by a glycocalyx, attached to partly digested food particles in the forestomach. These data support the hypothesis that symbiotic microbial digestion occurs in the forestomach and that the bacteria are indigenous to minke whales.
Baleen whales, such as the small minke whales (Balaenoptera acutorostrata), which seldom exceed 9 m in length, have stomach systems consisting of four distinct compartments, including a forestomach resembling that of ruminants (28) . The epithelial microanatomy of the forestomach is analogous to that of the rumen, but the epithelium lacks papillary projections to aid absorption of nutrients (28) . High concentrations of volatile fatty acids (VFAs) and anaerobic bacteria in large baleen whales (12, 13) , indicating forestomach microbial fermentation, also encourage functional comparisons with ruminants.
Northeastern Atlantic minke whales are known to feed on fish such as herring, capelin, and cod, in addition to pelagic crustaceans (24) . These prey items may be degraded by bacterial fermentation to produce VFAs and bacterial protein.
In minke whales the intestines are short, only four times the body length, and a multichambered stomach system improves the utilization of food (28) . The development of a compartmentalized stomach system, in which retention of the food in a nonglandular forestomach allows growth of large numbers of anaerobic bacteria, makes microbial fermentation a tenable hypothesis. However, the functional importance of the forestomach bacteria in digestive processes is currently unknown.
The intention of this study was to examine the forestomach bacterial population of herring-eating minke whales. It remained to be clarified whether the bacteria are indigenous to the forestomach. In order to determine the origin of the forestomach bacterial population, representative bacterial strains isolated from the forestomachs of herring-eating minke APPL. ENVIRON. MICROBIOL. (15) and converted to crude protein by multiplication by 6.25 . Ammonia and other volatile nitrogen compounds (NH4-N) were liberated from an aqueous extract of the forestomach contents by addition of magnesium oxide to give a pH of >7.5 when boiled, the distillate was allowed to react with H2SO4, and excess acid was titrated with NaOH solution (15) . To evaluate the lipid contents, the forestomach contents were mixed with dried sodium sulfate to bind water, and the fat was extracted by ethyl acetate by the method of Losnegard et al. (20a) . To determine the concentration of water-soluble carbohydrates, forestomach contents were extracted with water, filtered, hydrolyzed with H2SO4 in a water bath, neutralized with NaOH (34), and deproteinized with zinc sulfide-barium hydroxide, and the carbohydrate content was assayed by the ferricyanide method (8) .
Enumeration of bacteria in forestomach fluid. All of the forestomach contents were removed from each animal, and a subsample (1.5 to 2.0 liters) was mixed thoroughly by hand and filtered through two layers of muslin for microbiological analyses. Colony counts of viable cells present in dilutions of forestomach fluid of 10-' to 10-10 were done by the method of Hungate (16 (36) . Bacterial isolates were grown for 24 h in Hungate tubes containing 9 ml of liquid M8G medium. One milliliter of this culture was inoculated into another 9 ml of liquid M8G medium for an additional 24-h incubation period at 35°C. Fermentation products were determined after acidification of the liquid phase (36) . Utilization of colloidal chitin was determined on solidified M8 medium containing 16% (vol/vol) colloidal chitin produced by a modification of the method of Lingappa and Lockwood (20) . Colloidal chitin was prepared as follows. One gram of purified chitin from crab shells (catalog no. C 3641; Sigma) was dissolved in 30 ml of 50% H2SO4 at room temperature under constant stirring. The solution was filtered through a glass wool pad, and the chitin was precipitated in 0.5 liters of ice-cold distilled water. The pH was adjusted to 7.0 by addition of 10 M NaOH, and the solution was allowed to sediment for 24 h before the supernatant was removed. The chitin was then washed thoroughly and centrifuged for 10 min at 500 x g in a Sorvall GLC-2B centrifuge to form a colloidal solution, which was dissolved in distilled water to give a concentration of 10% and autoclaved at 115°C for 15 min. Chitobiase activity was tested as described by O'Brien and Colwell (26) 
RESULTS
Animals and sampling. The volumes of the in vivo forestomach contents ranged from 5 to 85 liters in the four minke whales examined, and all of the whales had fed on herring ( Table 1 ). The pH of the forestomach contents ranged from 5.36 to 6.87 (Table 1 ). The DM in the forestomach contents ranged from 38.4 to 44.4% of the total contents in three of the minke whales (Table 1) . Crude protein, lipids, and NH4-N were found to constitute up to 39.7, 58.5, and 1.21% of the DM, respectively. Water-soluble carbohydrates were present in low concentrations, ranging from 1.74 to 2.46% of the DM.
The sodium contents ranged from 1.58 to 2.34 g/kg of DM (Table 1 ) and were similar to that of the M8W medium.
Viable-cell counts. The total anaerobic bacterial population of the forestomach fluid from four minke whales, cultured in M8W medium, ranged from 73 x 107 to 145 x 108/ml of forestomach fluid (Table 1) . Populations of lipolytic and NAG-using bacteria in one animal (whale 8-88) were enumerated by using a selective medium and constituted 89. 7 and 95.2% of the viable population, representing (13. Identification of bacteria. Strains of Lactobacillus, Eubacterium, Fusobacterium, Sarcina, Streptococcus, and Ruminococcus were isolated from the forestomach fluid of two of the minke whales but constituted different percentages of the viable bacterial population (Table 2 ). In addition, strains of Bacteroides, the family Bacteroidaceae, Peptostreptococcus, and Coprococcus were isolated from one of the whales (Table 2) . Tables 3 and 4 give the results of the morphological and biochemical characterization of the bacterial strains isolated from the forestomach fluid. None of the bacterial strains utilized colloidal chitin or had chitobiase activity. Only 2.6% of 116 bacterial isolates could utilize NAG, 31.3% of 115 could utilize maltose, 82.0% of 116 could utilize starch, 12.8% of 117 could utilize galactose, 58.6% of 116 could utilize glucose, and 15.5% of 116 could utilize sucrose.
Bacteria isolated from fresh, homogenized herring were mainly of the genera Pediococcus and Aerococcus (Table 2) . Lactobacillus, Streptococcus, and Bacteroides strains were found in the herring, but these strains were different from those isolated from the forestomachs of the minke whales (Tables 3 to 6 ). Strains ofAcetobacterium, Clostridium, and the families Enterobacteriaceae and Veillonellaceae were also isolated. Morphological and biochemical characteristics of the bacterial strains isolated from freshly caught and homogenized herring are presented in Tables 5 and 6 . None of the bacterial strains isolated from the herring were able to utilize colloidal chitin, but 17.2% of 64 strains had chitobiase activity. Seventyone strains were tested for the ability to utilize various other substrates. NAG was utilized by 67.6%, glucose was utilized by 97.2%, and sucrose was utilized by 93.0%. SEM. Food particles from the forestomachs of herringeating minke whales were examined by SEM. Bacteria of different morphologies were found attached to food particles, e.g., on the collagen between the vertebrae (Fig. 1) . Some of the bacteria were surrounded by a mass of tangled fibers of polysaccharides or branching sugar molecules extending from the bacterial surface and forming a glycocalyx which allowed them to stick to particles (Fig. 1) . DISCUSSION Minke whales use baleen to filter food from seawater and do not masticate their food before swallowing it. The forestomach contents are, however, known to vary in composition from undigested fish to very liquid matter consisting of fish remnants, indicating that digestion is initiated in the forestomach. There are no glandular cells in the forestomach wall, which consists of a keratinized stratified squamous epithelium, and hence the decomposition of food which occurs in the forestomach cannot be due to the activity of secreted enzymes (28) . A high concentration of anaerobic bacteria was observed in all animals examined (Table 1) . Furthermore, the median concentration of major VFAs in minke whale forestomachs (n = 8; range in parentheses) was 94 (49 to 486) mM shortly after death; the VFAs consisted of acetate (63%), propionate (13%), and butyrate (24%) (22, 27a) . In addition, isobutyric acid and isovaleric acid were present at median concentrations of 0.97 mM (range, 0.87 to 1.95 mM) and 2.07 mM (range, 1.68 to 3.19 mM), respectively, in minke whale forestomachs (n = 5) (27a). The contribution of VFAs to the daily energy requirement in minke whales is still unknown, but the high concentrations of anaerobic bacteria and VFAs and forestomach pHs between 5.4 and 6.9 (Table 1) are suggestive of microbial fermentation. This is also in accordance with observations from larger baleen whales such as grey whales (Eschrichtius robustus), bowhead whales (Balaena mysticetus), and fin whales (Balaenoptera physalus) (12, 13) . The quality and the quantity of the substrate available for fermentation and the time elapsed between meals probably influence the number of bacteria, as is the case in ruminants (19) . This may explain the variation in the total viable bacterial population between animals ( Table 1 ). The forestomach bacterial counts were comparable to those of larger baleen whales (12, 13) and those of ruminants (17) . The microbial population in the rumen of ruminants aids in utilization of dietary structural carbohydrates such as cellulose and hemicellulose, which constitute a significant proportion of the plants eaten, in such a way that the maximal amount of metabolizable energy can be obtained.
Baleen whales, however, feed on fish and pelagic crustaceans (24) , which contain mostly proteins and lipids but also polysaccharides (4, 11, 37) (Table 1 ). These are all substrates which may be degraded by fermentation. Thus, in comparisons of whales and ruminants, the substrate represents the most obvious difference in selecting for different bacterial strains in the minke whale forestomach and the bovine rumen. A rumen-type carbohydrate medium (M8W medium) was used for comparative purposes in this study. Using this medium, we found that the dominant bacterial strains isolated from the forestomach fluid of minke whales which had eaten a diet consisting solely of herring (Tables 2 to 4) belong to bacterial genera also isolated from the bovine rumen (17, 27, 35) . This is probably due to similarities between the two habitats, including such features as temperature (35°C in the minke whale forestomach and 39°C in the bovine rumen), pH, and anaerobic conditions. Seawater seems to have little effect on the forestomach milieu. Even though it might be expected that seawater may enter the stomach together with the prey when swallowed, the concentrations of sodium and chloride in minke whale forestomachs (Table 1) were lower than those found in seawater (30) and even lower than those found in domestic ruminants (21) .
Examinations of the bacterial population of one minke whale (no. 8-88) revealed large numbers of lipolytic bacteria in the forestomach when a selective lipolytic medium was used. This is consistent with the high lipid contents in the forestomach (Table 1) . We did not enumerate the proteolytic bacteria in this initial work. The presence of branched-chain VFAs in the minke whale forestomach (27a) might, however, indicate the occurrence of protein fermentation (23) . The low concentration of water-soluble carbohydrates in the minke whale forestomach (Table 1) is not surprising, because they are easily fermentable. Utilization of several different carbohydrates by different strains was determined (Tables 3 and 4 ). The numbers of NAG-using bacteria isolated from the forestomachs of whales 2-90 and 3-90 with M8W medium were found to be low (2.6% of the viable population). With a selective NAG medium containing 0.5% NAG as the sole carbohydrate and twice as much rumen fluid, the NAG-using bacteria constituted as much as 95.2% of the viable population in the forestomach of whale 8-88. This could be due to differences in carbohydrate concentrations in the different media. NAG is a component of chitin, which is found in the exoskeletons of crustaceans, which are also eaten by minke whales (24) . Enzymatic hydrolysis of chitin to free NAG is performed by the chitinolytic system, which consists of two hydrolases which act consecutively. Chitinase hydrolyzes the polymers of NAG, while chitobiase hydrolyzes chitobiose and triose. We were not able to isolate any anaerobic chitinolytic bacteria from the forestomachs of herring-eating minke whales, nor did we find that any of the bacterial strains isolated from the dominant bacterial population had chitobiase activity. However, in krill-eating minke whales, anaerobic bacteria that hydrolyze chitin have been isolated from the forestomach fluid (21a). Even though we did not succeed in isolating chitinolytic and chitobiase-producing bacteria from herring-eating minke whales, such bacteria might be present at lower concentrations, making utilization of chitin possible if the whales switch prey and start feeding on krill.
The concentration of bacteria in fresh homogenized herring was much lower than that found in the forestomach fluid of herring-eating minke whales (Table 1) . Furthermore, bacterial strains isolated from freshly homogenized herring were all found to be different from those isolated from the dominant bacterial population in the forestomach fluid of the minke whales (Tables 3 to 6 ). Strains from some of these genera, such as strains of Lactobacillus, which grow even at temperatures close to freezing, have been isolated from herring (32) , while a marine, psychrophilic bacterium similar to members of the Bacteroidaceae has been isolated from capelin (7), and clostridia have been found in the intestines of haddock (Gadus aeglefinus) (33). These strains described earlier (7, 32, 33) are also different from those isolated from minke whale forestomachs (Tables 3 and 4 ). The strains which were isolated from the herring in this study were facultatively (61.1%) or obligately (38.9%) anaerobic and able to grow at 35°C. In the marine fish Enophrys bison, chitinolytic activity in the stomach was reported to be produced by bacteria (9 (n = 18 parallels) and 92.1% (n = 16 parallels), respectively, after a 36 h incubation period (25) . The highest rate of DM disappearance occurred when simulating the forestomach microbial digestion (25) . Bacterial digestion in ruminants is accomplished by loss of energy as ammonia and methane, the latter of which is eructed. This study indicates that in minke whales, a large forestomach population of bacteria contributes to digestion. Even though the relative size of the minke whale forestomach is small in comparison with the rumen (28) , compartmentalization of the minke whale stomach system increases retention of food in the forestomach and hence increases the time available for microbial digestion. It is evident that bacterial breakdown of food followed by enzymatic action in the fundic chamber ensures better utilization of the food before it enters the very short intestine (28) .
